Abstract
Introduction
It has been thirty-seven years since the first IVF (in vitro fertilization) baby was born in 1978 [1] . In spite of recent advances, the majority of IVF cycles fail to achieve a live birth. One of the main causes of the depressing clinical outcomes has been proven to be embryo aneuploidy [2] [3] [4] . Aneuploidy is a very common abnormality in human embryos generated by IVF, particularly for women with advanced maternal age (AMA) [5, 6] . By the age of 40, it is not unusual for the proportion of aneuploid embryos to exceed 50% [7] . A high percentage of aneuploidy has also been found in the embryos of women with repeated implantation failure (RIF) [8, 9] , repeated pregnancy loss (RPL) [10] and a partner with low sperm quality [11, 12] . Even for younger women (<35 years) with good prognosis, the aneuploidy rate remains high [13] [14] [15] . An aneuploid embryo is scarcely able to form a viable pregnancy. The high frequency of aneuploidy and its likely deleterious effects on embryo viability has led to the suggestion that embryos should be tested for chromosomal abnormalities before determining which ones to transfer to patients. Because traditional embryo selection methods based on morphology are incapable of detecting chromosomal abnormalities [16, 17] , preimplantation genetic screening (PGS) was developed.
Fluorescence in situ hybridization (FISH) testing of a panel of chromosomes was previously the most widely applied method for aneuploidy screening. However, because previous data from random controlled trials with FISH-based PGS (PGS#1) showed no beneficial effects on live birth rates after IVF and even lower live birth rates for women with AMA [18, 19] , the utilization of PGS#1 in attempts to improve IVF outcome has declined worldwide [20, 21] . The inefficiency of PGS#1 occurs for many reasons. One of the main limitations of FISH is that it can only test a restricted number of chromosomes in PGS. For embryos that are aneuploidy for untested chromosomes, FISH-based PGS cannot make an accurate evaluation. However, the objective of comprehensive chromosome screening (CCS) is to assess the entire chromosome complement (24 chromosomes).
Several studies have been conducted to assess the effect of CCS-based PGS on IVF/intracytoplasmic sperm injection (ICSI) outcomes, and 2 systematic reviews were published recently [22, 23] . However, these 2 systematic reviews did not conduct pooled analyses of the included studies. Therefore, we conducted a meta-analysis with more eligible studies to provide a more precise and comprehensive estimation of CCS-based PGS.
Materials and Methods

Literature search
'screening for aneuploidies' or 'embryo selection' or 'embryo screening' and 'comprehensive chromosomal screening' or 'CCS' or 'array comparative genomic hybridization' or 'array CGH' or 'aCGH' or 'single nucleotide polymorphism' or 'SNP' or 'quantitative real-time PCR' or 'qPCR' or 'next-generation sequencing' or 'NGS'. Moreover, a manual search of published articles was conducted to identify additional relevant studies.
Study selection and data extraction
After duplicate publications were removed, two authors (CMH and WSY) independently examined the potentially relevant trials by checking the titles, abstracts and full-texts, and any problems of disagreement were resolved through group discussion. We adapted the preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow-chart to depict the study selection process (see S1 File. PRISMA checklist. ) [24] . Published clinical trials were eligible for inclusion if they compared CCS-based PGS using blastocyst biopsy/trophectoderm biopsy to traditional morphological methods in genetically normal couples undergoing IVF and/or ICSI. Because polar body (PB) aneuploidy screening can only detect chromosomal abnormalities of meiotic origin and is limited to predicting subsequent embryo ploidy, we excluded studies associated with polar body biopsy to prevent selection bias. Then, two authors (CMH and WSY) independently extracted related information pertaining to the first author's name, study design, year of publication, study period, geographic region, sample sizes of the groups using CCS versus morphological methods, type of CCS, patient characteristics, indication for PGS, day of biopsy, day of transfer, and fresh or frozen cycles. The primary outcome was the implantation rate per ET, and the secondary outcomes were the clinical pregnancy rate per cycle, ongoing pregnancy rate per cycle, live birth rate per cycle, miscarriage rate and multipregnancy rate. In all of the studies, the participants who underwent embryo biopsy for CCSbased PGS were defined as the CCS group, and the participants who used traditional morphological methods were defined as the control group.
Quality assessment
Two reviewers (CMH and WSY) independently used the Newcastle-Ottawa Scale (NOS) to assess the quality of the included observational studies [25] . The NOS includes selection, comparability and outcome for cohort studies: 4 scores are assigned for the selection part, 2 scores for comparability and 3 scores for the outcome part. Studies with scores of 0 to 3, 4 to 6 and 7 to 9 were considered as low, moderate and high quality, respectively. The Cochrane Collaboration's Handbook was used to assess the quality of the RCTs according to the following criteria: random sequence generation, allocation concealment, blinding, incomplete outcome data, selective outcome reporting and other potential sources of bias [26] . A judgment of 'Yes' indicates a low risk of bias, 'No' indicates a high risk of bias, and 'Unclear' indicates an unclear or unknown risk of bias.
Statistical analysis
The effect of CCS-based PGS was assessed for the RCTs and cohort studies separately. We calculated the relative risk (RR) with corresponding 95% confidence intervals (CIs) for all of the outcomes reported in each study. A meta-analysis of the outcomes was performed when there were available data that could be combined and meta-analytical pooling was feasible. We assessed heterogeneity among the studies by conducting a standard Cochrane's Q test with a significance level of α = 0.10. The I 2 statistical test was performed to further examine heterogeneity. I 2 50% was considered to indicate substantial heterogeneity [27] . When heterogeneity existed, we attempted to identify potential sources of heterogeneity by examining individual studies and conducting subgroup analyses. Fixed-effect models were used to pool outcomes when heterogeneity among studies was considered to be statistically insignificant. Otherwise, a random-effect model was used to combine the results. Moreover, subgroup analyses were conducted according to study design, location, age of the participants, indication for PGS, stage of biopsy, platform for CCS and number of embryos transferred. Publication bias was estimated using Begg's test [28] . A value of "Pr>|z|" greater than 0.05 for Begg's funnel plots was considered to indicate negative publication bias. A one-way sensitivity analysis was performed to explore certain factors that would influence the effects. All of the statistics were two-tailed, and P<0.05 was considered statistically significant. RevMan 5.3 was used to perform the metaanalysis.
Results
Study selection and characteristics
A total of 1235 unduplicated titles and abstracts were identified in the initial search, and 23 articles were selected to undergo full-text assessment. Twelve studies did not fulfill the inclusion criteria, of these, five studies had no suitable control group, one study included chromosome abnornal patients, one study used clinical outcome data reported previously in another study we included in our meta-analysis, one study did not report implantation rate, four studies associated with polar body biopsy. Finally, 4 RCTs and 7 cohort studies that assessed the outcomes of CCS-based PGS versus traditional morphological-based selection in women undergoing IVF/ICSI met our inclusion criteria and were included in the meta-analysis [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . A flow chart of the trials included in the meta-analysis is shown in Fig 1. Overall, the 11 included studies accounted for 2425 ART cycles (RCTs: 247 for the CCS group, 255 for the control group; cohort studies: 729 for the CCS group, 1194 for the control group) in 2338 women, with ages ranging from 23 to 43 years. Of these studies, 8 were performed in North America, 2 in Europe [36, 37] and 1 in Asia [29] . For 3 RCTs, CCS-based PGS was performed for the women with good prognosis, and for 1 RCT [39] and all the cohort studies, CCS-based PGS was indicated in AMA, RIF, RPL, or for other reasons. The platform for CCS was CGH for 5 studies, qPCR for 3 studies, SNP for 1 study, and NGS for 1 study. Moreover, 3 studies performed embryo biopsy in the cleavage stage [29, 31, 37] , and the others in the blastocyst stage. Single embryo transfer was performed in 3 studies [30, 32, 34] , and 8 studies performed more than one embryo transfer. The main characteristics and quality features of the 4 RCTs and 7 cohort studies are shown in Tables 1 and 2 .
Quality assessment
Study design and methodological quality varied among the 4 RCTs. One study used a random number table to generate a randomized sequence [32] ; 1 study used computer-generated randomization [35] ; randomization was stratified by age group in 1 study [33] and the remaining study did not explicitly describe sequence generation [39] . Adequate measures of allocation concealment were used and explicitly described in only one study [35] . Single blinding was performed in one study [32] , 1 study was not blinded [35] , and the remaining 2 studies did not describe the method of blinding [33, 39] .
For the 7 cohort studies that were included, the NOS scores ranged from 7 to 9, with a mean score of 8. All of the studies provided information on the populations in the CCS group and the control group. However, only 4 studies were well matched between the CCS group and the control group [38, 36, 31, 37] , and the other 3 studies were unmatched [29, 30, 34] ; thus, comparability bias might exist in the 3 studies because important factors that could influence the results were not controlled for. The follow-up period for outcome was adequate for all of the studies, and the outcome measurement was objective.
Main outcomes
Implantation rate. All of the included studies (4 RCTs and 7 cohort studies) provided data on the implantation rate. Within the 4 RCTs (n = 776) that compared CCS-based PGS and traditional morphological-based selection, the CCS group showed a higher implantation rate than the control group (RR 1.32, 95% CI 1.18-1.47) (Fig 2a) . The same effects were observed within the 7 cohort studies (n = 3214) (RR 1.74, 95% CI 1.35-2.24) (Fig 2b) .
Clinical pregnancy. Eight studies (2 RCTs and 6 cohort studies) reported clinical pregnancy outcomes. The outcome from the pooled analysis of 2 RCTs [33, 32] (n = 258) showed a non-significant effect between the CCS group and the control group (RR 1.26, 95% CI 0.83-1.93) (Fig 3a) , whereas a statistically significant increase in clinical pregnancy rate because of CCS-based PGS was observed in 6 cohort studies [29, 36, 30, 31, 37, 34] (n = 1765) (RR 1.48, 95% CI 1.20-1.83) (Fig 3b) .
Ongoing pregnancy. Seven studies (2 RCTs and 5 cohort studies) presented data regarding ongoing pregnancy. The pooled ongoing pregnancy rate appeared to be higher in the CCS group than in the control group in 2 RCTs [35, 32] (n = 287), but there was no significant difference between the two groups (RR 1.31, 95% CI 0.64-2.66) (Fig 4a) . However, the pooled outcome of 5 cohort studies [36, 30, 31, 37, 34] (n = 1711) showed that CCS significantly improved the ongoing pregnancy rate (RR 1.61, 95% CI 1.30-2.00) (Fig 4b) . Live birth. A total of 4 studies (1 RCT and 3 cohort studies) investigated the outcome of live birth. In the RCT [33] , there was a statistically significantly higher live birth rate in the CCS group (61/72) compared to the control group (56/83) (RR 1.26, 95% CI 1.05-1.50) (Fig  5a) . However, when the outcome was pooled for the 3 cohort studies [38, 36, 34] (n = 601), no significant difference in live birth rate was observed between the CCS group and the control group (RR 1.35, 95% CI 0.85-2.13) (Fig 5b) .
Miscarriage rate. Two RCTs [35, 32] and 5 cohort [29-31, 37, 34] studies evaluated the outcome of miscarriage between the CCS group and the control group. The pooled outcome from 2 RCTs (n = 192) showed a decreased miscarriage rate in the CCS group, but there was no significant difference between the two groups (RR 0.53, 95% CI 0.24-1.15) (Fig 6a) . Nevertheless, a pooled analysis of outcome including the 5 cohort studies (n = 902) showed that the miscarriage rate was significantly lower in the CCS group (RR 0.31, 95% CI 0.21-0.46) (Fig 6b) . Multiple pregnancy. Only 3 studies (1 RCT and 2 cohort studies) reported multiple pregnancy rate data. In the RCT [35] , the multiple pregnancy rate was significantly lower in the CCS group (0/57) than in the control group (31/58) (RR 0.02, 95% CI 0.00-0.26) (Fig 7a) . 
CCS Technology and IVF/ICSI Outcomes
Moreover, the same effect was observed in the pooled outcome of the 2 cohort studies [31, 37] (RR 0.19, 95% CI 0.07-0.51) (Fig 7b) .
A summary of the results of the meta-analysis comparing CCS with no CCS outcomes in the included RCTs and cohort studies is presented in Table 3 .
Heterogeneity and subgroup analysis. The heterogeneity in the pooled risk estimates of our outcomes ranged from an I 2 test result of 0 to 90% for both the RCTs and the cohort studies. Therefore, we performed a subgroup analysis for both the RCTs and the cohort studies addressing factors that might result in heterogeneity: age, location of the study, indication for CCS, day of biopsy, platform for CCS, number of embryos transferred and study design. We did not perform the subgroup analysis for outcomes other than the implantation rate because of the low number of related reports. As shown in Table 4 , the implantation rate was higher in the CCS group than in the control group in any individual subgroup, and except for the pooled effect of the 2 retrospective cohort studies showing no significant differences between the CCS group and the control group, there were significant differences in the implantation rate in all of the other pooled subgroup analyses. The subgroup analysis results showed that the heterogeneity values were not substantially changed by the factors mentioned above. Sensitivity analysis and publication bias. The pooled effect results remained practically unchanged when we performed a one-way sensitivity analysis. Begg's test did not show significant small-study bias (p = 0.062) (Fig 8) . 
Discussion
To review the current literature regarding the use of CCS technology for PGS and embryo selection and to assess the effect of CCS on the clinical outcomes of IVF, we included 11 studies (4 RCTs and 7 cohort studies) accounting for 2425 ART cycles in 2338 women to conduct a meta-analysis. Our results showed that CCS-based PGS was statistically significantly associated with an increased implantation rate (RCT-based RR 1.32, 95% CI 1.18-1.47; cohort study RR 1.74, 95% CI 1.35-2.24). The RR value demonstrated that there is great potential benefit from using CCS-based PGS over traditional morphological methods. And CCS-based PGS was also related to increases in the clinical pregnancy rate, ongoing pregnancy rate, and live birth rate, and decreases in the miscarriage and multipregnancy rates. To our knowledge, two systematic reviews evaluating the clinical effectiveness of CCS-based PGS have been published recently [23, 22] . Dahdouh's study [23] , which included only 3 RCTs on good prognosis patients, found that when the same number of embryos were transferred, CCS-based PGS was associated with a higher implantation rate and clinical pregnancy rate. The literature search in Lee's systematic review [22] included the same 3 RCTs and 16 observational studies, and in addition to the trials assessing trophectoderm biopsy and blastomere biopsy, their study also included trials using PB biopsy for CCS. Our results were mainly in line with those of the systematic reviews, but this is the first meta-analysis to compare CCS-based embryo selection to traditional morphological methods, and we evaluated more outcomes including the live birth rate and multipregnancy rate.
In our review, all of the included trials were considered to be at low to moderate risk of bias. For the 4 RCTs included, one was presented as an abstract. Two studies provided information about random sequence generation. Most of the trials did not provide detailed information on allocation concealment or the method of blinding; however, blinding is not likely to influence outcome judgment or measurement. Three RCTs reported no loss to follow-up, and intentionto-treat analysis was performed for these studies. In one study, 9 patients were missing for various reasons, but intention-to-treat analysis was conducted. For the 7 included cohort studies (5 prospective studies and 2 retrospective studies), selection bias was not thought to play a major role, but comparability bias might exist among these studies.
The effect of CCS-based PGS on the implantation rate for patients with different indications for PGS and from different regions was also analyzed. The results of Dahdouh's systematic review [23] revealed that the use of CCS-based PGS improved the implantation rate in good prognosis patients, and the results of our meta-analysis revealed that CCS-based PGS can also benefit patients with AMA, RIF and RPL. Because most of the patients involved in our study presented with normal ovarian reserves and no male factor infertility, whether CCS-based PGS can also benefit these patients, particularly for women who do not have an abundance of embryos to evaluate, remains to be determined. No statistically significant difference was found in the subgroup analysis conducted by patient location.
There are 3 possible sources of material for PGS testing: the first and second polar bodies, 1 or 2 blastomere biopsy from cleavage-stage embryos and 5-10 trophoblast cell biopsy from blastocysts. The accuracy of PB testing is significantly lower than cleavage stage blastomere testing or the trophoblast cell analysis, primarily because of the inability of this method to comprehensively assess all origins of embryonic aneuploidy [40, 41] . Regarding the advantages of cleavage stage biopsy versus blastocyst biopsy, recent studies found that a day 3 biopsy decreased the blastocyst rate and the implantation rate whereas a blastocyst biopsy showed no effect on embryonic developmental competence [35, 31, 42, 43] . Another advantage of blastocyst biopsy is the ability to test 5-10 trophectoderm cells, resulting in greater efficiency and a lower no-result rate [44] . Based on data procured from observational studies included in our meta-analysis, cleavage stage PGS was also feasible for CCS, and it showed an even better implantation outcome than blastocyst stage PGS (RR 2.23, 95% CI 1.66-2.99 vs. RR 1.42, 95% CI 1.12-1.79). However, further high quality evidence derived from randomized control trials is still required to determine the best time for CCS biopsy.
CCS-based PGS can be performed through a wide variety of methods. For DNA amplification, the available methods include multiple displacement amplification (MDA) [45] [46] [47] [48] [49] , PCR (polymerase chain reaction) [50] [51] [52] , and targeted multiplex PCR [53, 54] . For evaluating the amplified DNA, methods include CGH (comparative genetic hybridization) arrays [55-57, 36, 31, 38, 29, 32] , SNP (single nucleotide polymorphism) arrays [48, 49, 51, 52, 58] , NGS (nextgeneration sequencing)-based CCS [59, 60, 37] and qPCR-based CCS [61, 62, 54, 33, 34] . Among these methods, array CGH was the first technology to be widely used and has been validated by testing cells of a known genotype [63] . Comparing to other methods, NGS may offer more potential advantages including lower cost, reduced time and higher chromosomal analysis resolution [56, 64] . Moreover, the equivalence of NGS-based CCS to array CGH in the detection of chromosomal aneuploidy has been demonstrated [65, 66] . Most of the studies included in our analysis used aCGH and qPCR for karyotype screening. The only cohort study that used qPCR showed no significant effect on the implantation rate between the CCS group and the control group, and pooled data from the other separate PGS platform subgroup analyses all showed improvements in the implantation outcome.
One of the main targets of CCS-based PGS is to increase the number of singleton deliveries, which are considered the ideal outcome of IVF. Two RCTs and 2 cohort studies included in our meta-analysis transferred single embryos for both groups, and the other 2 RCTs and 5 cohort studies transferred significantly more embryos for the control group than the CCS group. According to our results, CCS improved the implantation rate even when fewer embryos were transferred.
Generally, the selection of embryos for transfer is based on traditional morphological assessment alone. Nonetheless, this method is not efficient enough because on average, only 1 in 4 treatments results in successful implantation. The development of alternative methods for diagnosing embryo viability preimplantation brings hope for improving the time to pregnancy and facilitating eSET. Other technologies for evaluating embryos include PGS, time-lapse microscopy, embryo proteomics and metabolomics. Time-lapse systems can take digital images at frequent time intervals without removing the embryos from the incubator. In recent years, algorithms based on morphokinetic parameters obtained through time-lapse methods have been created to predict the competence of embryo development, but until now, evidence of significant differences in clinical outcomes has been insufficient to choose between time-lapse systems and conventional incubation [67] [68] [69] . Some recent studies have tried to correlate timelapse morphokinetic parameters with aneuploidy, but the results of these studies indicated that the selection of embryos by time-lapse cannot yet replace PGS [70] [71] [72] . Proteomics and metabolomics are typically able to characterize thousands of proteins and metabolites reflected the physiological status of embryos. Although studies have reported positive results regarding correlations between metabolic status and embryo developmental competence, the available clinical data on IVF outcomes still lack support for the use of proteomics or metabolomics [73] [74] [75] [76] [77] .
The traditional morphological method prevents damage caused by the biopsy procedure and cuts the cost of genetic testing while having the potential to provide good cumulative pregnancy and live birth rates. However, the transfer of aneuploid embryos may result in miscarriage, and repeated transfer cycles not only cause emotional stress but also result in extra costs, including the costs of repeated endometrial preparation, monitoring scans and working days loss; such costs can exceed the euploidy testing cost. Although not all euploid embryos detected by CCS-based PGS can lead to successful implantation, but at present, CCS-based PGS appears to be the most reliable method for diagnosing preimplantation embryo viability. With the development of NGS, the cost of PGS may decline significantly, allowing greater access for more patients. Better designed randomized controlled trials are required to provide sufficient evidence regarding the efficiency of CCS-based PGS and to compare this technology to other methods used to evaluate preimplantation embryo viability. 
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